Abstract: We calculate loop-induced Higgs production and decay processes which are relevant for the LHC in various six-dimensional Universal Extra Dimension models. More concretely, we focus on the Higgs production through gluon fusion and the Higgs decay into two photons induced by loop diagrams. They are one-loop leading processes and the contribution of Kaluza-Klein particles is considered to be significant. These processes are divergent in six dimensions. Therefore, we employ a momentum cutoff, whose size is fixed from the validity of perturbative calculation through naive dimensional analysis. In these six-dimensional Universal Extra Dimension models, the Higgs production cross section through gluon fusion is highly enhanced and the Higgs decay width into two photons is suppressed. In particular in the case of the compactification on Projective Sphere, these effects are remarkable. The deviation of the h (0) → 2γ signal from the prediction of the Standard model is much greater than that in the case of the five-dimensional minimal UED model. We also consider threshold corrections in the two processes and these effect are noteworthy even when we take a higher cutoff and/or a heavy KK scale. Comparing our calculation to the recent LHC results which were published at the Lepton-Photon 2011 and at the December of 2011 is performed briefly.
Introduction
After a long shutdown, the LHC (Large Hadron Collider) restarted and new era of particle physics comes. Stimulated by the advent of two renowned works [1, 2] , phenomenology in extra dimension has been well studied. Universal Extra Dimension (UED) is one of the interesting possibility along this direction and has been studied very well. In this model, all the fields describing particles of the Standard Model (SM) propagate in the bulk space. 1 The minimal UED (mUED) model is constructed with one extra spacial dimension of orbifold S 1 /Z 2 [4] . This orbifold imposes the identification between the extra spacial coordinate y and −y and there are two fixed points at y = 0, πR, where R is the radius of S 1 . Due to this identification four-dimensional (4D) chiral fermions describing the SM fermions appear. One of the interesting points of UED model is that the constraints from the current experiments are very loose. The Kaluza-Klein (KK) mass scale M KK , which is defined by the inverse of the compactification radius R, is constrained [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] in the mUED case. In UED model, the zero mode profile takes constant value and the overlap integral between zero modes and KK modes does not generate large deviation from the SM result. Therefore we can take the lower KK mass scale than in the other types of extra dimensional models. In addition, the existence of dark matter candidate is naturally explained by the KK parity, which is the remnant of the translational invariance along the extra spacial direction. The particle cosmology in the five-dimensional (5D) UED models has been studied strenuously [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The collider signature of the 5D UED models is similar to the one of the supersymmetric theory with neutralino dark matter [25] . The discrimination between these models is also well studied [26, 27] .
And another thing, UED models with two spacial dimensions have been studied energetically. Six-dimensional (6D) UED models have remarkable theoretical properties, for example, prediction of the number of matter generations imposed by the condition of (global) anomaly cancellation [28] , ensuring proton stability [29] , generating electroweak symmetry breaking [30] [31] [32] . These topics drive us into considering such a class of models. In phenomenological point of view, there are also interesting aspects in 6D UED model. In 6D case, the KK mass spectrum is not equally-spaced, up to radiative corrections [33, 34] . And a 4D new scalar particle named "spinless adjoint" emerges in the model corresponding to a 6D gauge boson. These are un-eaten physical scalars associated to the 4D vector components of the 6D gauge bosons. These two points exert considerable influence on collider physics and particle cosmology [35] [36] [37] [38] [39] [40] [41] [42] . These studies are executed on the 6D UED model based on two-torus T 2 [43] [44] [45] . It is noted that recently the UED models based on two-sphere S 2 are proposed and these models have interesting properties [46, 47] . In the S 2 -based models, the KK mass spectrum is totally different from that of the ordinary T 2 -based models and we consider that this difference would have an impact on collider and cosmological phenomenology. 2 In this paper, we focus on the Higgs boson production and decay sequences through one-loop leading processes expected to occur at the LHC. In one-loop leading processes, the contribution of KK particles is considered to be significant. More concretely, we consider the Higgs production by gluon fusion and the Higgs decay to two photons. The former process is very important because it is the dominant Higgs production process at the LHC. The latter process becomes important in the case when Higgs boson mass is about from 120 GeV to 150 GeV. Actually, the ATLAS and CMS experiments at the CERN LHC have presented their latest results for the ≃ 2 fb −1 of data at the center of mass energy 7 TeV at the Lepton-Photon 2011, Mumbai, India, 22-27 August 2011 and the Higgs decay to two photons process plays a significant role at this range [56, 57] . 3 In the SM, the branching ratio of the decay into two photons is too small, but the signal of this process is very clear at the LHC experiments. Using the result of the above two processes, we can perform a crude estimation of the difference of the number of the decay events to two photons from the SM expectation value. By naive power counting argument, the production and the decay processes are known to be divergent logarithmically. We adopt the regularization scheme by use of KK momentum cutoff, which is determined by naive dimensional analysis. We also consider threshold corrections in the two processes and these effect are noteworthy, especially when we choose low cutoff scale in 6D UED.
As the end of the introduction, we show the organization of this paper briefly. In Section 2, we give a brief review of 6D UED model on T 2 /Z 4 , which is one of the T 2 -based 6D UED model and has been studied well. In Section 3, we calculate the rate of the Higgs production process through gluon fusion and the Higgs decay process to two photons via loop diagrams in the 6D UED model on T 2 /Z 4 . These results can be applied for the S 2 -based 6D UED cases with some modifications. In Section 4, we get an overview of gauge theory on S 2 and give a brief review of the two types of S 2 -based 6D UED models. In Section 5, we estimate the maximal cutoff scale, where the validity of perturbation will break down. In Section 6, we estimate the deviation of the rate of the Higgs production and decay processes and evaluate the difference of the event number from the SM results with/without threshold corrections. Section 7 is devoted to summary and discussions.
2 Universal Extra Dimension on T 2 /Z 4
We give a brief review of UED model on T 2 /Z 4 . A detailed construction of the minimal 5D UED based on S 1 /Z 2 is studied in [4] . We consider a gauge theory on sixdimensional spacetime M 4 × T 2 /Z 4 , which is a direct product of the four-dimensional Minkowski spacetime M 4 and two-torus T 2 with Z 4 orbifolding. We use the coordinate of six-dimensional spacetime defined by x M = (x µ , y, z) and the mostly-minus metric convention η M N = diag(1, −1, −1, −1, −1, −1). 4 The representation of Clifford algebra which we adopt is
where γ 5 is 4D chirality operator and σ i (i = 1, 2, 3) are Pauli matrices. To obtain 4D Weyl fermion from 6D Weyl fermion, we choose the type of orbifold as Z 4 , not as Z 2 in 5D case [43, 44] . Z 4 symmetry is realized as the rotation on the y − z plane by an angle π 2 on T 2 . This means a bulk scalar field Φ(x; y, z) obeys the following relation: Φ t (x, −z, y) = tΦ t (x, y, z).
(2.2) t is Z 4 parity which takes the possible values t = ±1, ±i and all the fields are classified according to their parity. Following the general prescription [60] , mode functions of
3) where m and n are y and z directional KK numbers, respectively and take the values m ≥ 1, n ≥ 0 or m = n = 0 (only for t = 1). 6 And realizing cancellation of 6D gravitational and SU(2) L global anomalies requires the choice of 6D chiralities, for example, as follows [28] :
whose zero modes form single generation of the standard model; Q
The ± suffixes represent 6D chirality of each field and 6D chirality operator is defined as
Weyl fermions Ψ ± are described as follows;
where ψ L(R) is a left(right)-handed 4D Weyl fermion. We can take the boundary condition of 6D fermion Ψ 6 = (ψ, Ψ) T (T : transpose) as in [62] :
r is Z 4 twist factor which can takes the values (r = 0, 1, 2, 3) and P is group twist matrix for fundamental representation with the Z 4 identification (P 4 = 1), which we discuss soon later. When we choose the values of r as 0 or 3, zero mode sectors of Ψ ± become 4D chiral. Next, we go on to the gauge sector. The boundary condition of this part is as in [62] :
Here we define a complexified coordinate and a vector field component for clarity as
In UED model, we do not break the gauge symmetry by boundary condition. Then the matrix P is selected as P = 1. This means that none of the fields belonging to A ω (or Aω) takes zero mode, which is an would-be exotic SM particle. Finally we discuss the 6D scalar Φ. The boundary condition for this field is very simple:
Choosing P = 1, Φ's zero mode remains and can be identified as the SM Higgs field. From above discussion, we can form the zero mode sector just as the SM one. We write down the part of the 6D UED Lagrangian which is requisite for our calculation. The 6D action takes the form as follows:
M N are the field strengths of gauge fields, where
N ], and the gauge groups are those for U (1) Y (i = 1), SU (2) L (i = 2) and SU (3) C (i = 3) in the SM. The covariant derivatives D M are expressed in our convention as 12) where g
6 are the six-dimensional gauge couplings and T (i)a are the group generators of each corresponding gauge group. H is the Higgs doublet, and µ, λ (H) 6 and λ (t) 6 are the usual Higgs mass, Higgs self coupling and Yukawa coupling of the top quark in 6D theory, respectively. 7 Q 3− is the quark doublet in third generation and U 3+ is the top quark singlet.
We are ready to derive the four-dimensional effective action by expanding all the 6D
7 All the six-dimensional couplings are dimensionful. After the KK expansion, corresponding 4D couplings become dimensionless as they should be so.
fields by use of Eq. (2.3). The concrete forms of KK expansion are as follows:
H(x; y, z) = 1 2πR
15)
In the fermionic part, we choose all the twist factors as r = 0. Now we can find the SM fields
R in the zero mode sectors. Here we focus on the 5D Higgs doublet in terms of 4D component fields: µ . Subsequently, we take notice of the (4D) scalar KK excitation modes. In addition to the Higgs KK excitation modes {h (m,n) , φ +(m,n) , χ (m,n) }, there are other excitation modes closely related to the (zero mode) massive gauge bosons, which are y and z components of 6D gauge fields.
Throughout this paper, we use information about W boson zero mode and its KK particles and their associative particles, which are zero and KK modes of φ + , W +y and W +z . In what follows, we discuss only the free Lagrangian with respect to the non-zero KK modes of W boson and their associative particles since the zero mode part is the same with the SM one.
From Eq. (2.11), we can read off the free Lagrangian part S W | free as
where 
From Eq. (2.19), the mass of the field W
. Meanwhile, we have to diagonalize the scalar mass terms about φ +(m,n) , W +(m,n)y and W +(m,n)z to execute perturbative calculations. When we focus on this part S W scalar-mass out of
By using those mass eigenstates {G +(m,n) , a +(m,n) , H +(m,n) }, we can diagonalize the matrix M (m,n) to the following form:
This result means that G +(m,n) is the would-be Nambu-Goldstone boson of W +(m,n) µ and the others a +(m,n) , H +(m,n) are physical 4D scalars. It is noted that H +(m,n) is called "spinless adjoint" because H +(m,n) is constructed only by extra spacial components of the 6D gauge boson W +(m,n) µ . They contribute to h (0) → 2γ Higgs decay process via loop diagrams.
Next, we derive the mass eigenstates of fermions. Just like the case mentioned above, we again consider the KK part only. The kinetic terms are diagonal, and therefore there is no need to discuss the part. The mass term of (m, n)-th KK mode fermions arising from Eq. (2.11) is
where m t is the zero mode top quark mass and Q . By using the following unitary transformation including chiral rotation, we can derive the ordinary diagonalized Dirac mass term as follows: 27) where t ′ (m,n) and Q ′ (m,n) t are mass eigenstates of their corresponding fields with degenerate (m, n)-th level masses; m 2 t,(m,n) = m 2 t + m 2 (m,n) . The mixing angles ϕ (m,n) and α (m,n) are determined as tan 28) from the condition to obtain the ordinary diagonalized Dirac mass matrix. Now we are ready to calculate the rates of Higgs processes at the LHC. Some requisite interactions in this paper are discussed at the next section.
Calculation of one loop Higgs production and decay processes
We calculate some virtual effects of KK particle via loop diagrams in the Higgs production process through gluon (g) fusion 2g → h (0) and the Higgs decay process to two photon (γ) h (0) → 2γ. Those processes are 1-loop leading and it is expected that the effects of massive KK particles are significant. In addition, there is another 1-loop leading Higgs decay process to photon and Z-boson (Z) h (0) → γZ, which we do not discuss in this paper. Before the concrete discussion about interactions, we have to understand the general structure of interactions which is needed for our study. In the scope of this paper, all external particles are SM particles, which are described by zero modes. This means the effective couplings which we use are obtained by the following type of integrals concerning mode functions f
where the Latin indices i, j, k, l indicate types of the particles. The Z 4 -parities t l , t i are determined as t l = t i = 1 and the condition (t j ) * = t k is required from Z 4 invariance of the action in Eq. (2.11). Because of orthonormality of mode functions, we know that the integrals are non-vanishing only when (m, n) = (m ′ , n ′ ) and the integrals can be reduced to the ones for the zero modes alone. In other words, the value of the vertex containing KK modes, which are described by the above integrals, is exactly the same with the value of the corresponding vertex for the zero mode alone in the basis of gauge eigenstates. We give a comment on the Higgs mass m h and the lowest KK mass M KK , which is defined as 1/R on the geometry of T 2 . In UED model, those two parameters are free, which means they are not determined by the theory, but there are some constraints on these parameters. From the result of LEP2 experiment, m h is bounded from below as m h > 114 GeV. And recently another bound is announced from the LHC experiments [56] [57] [58] [59] . We discuss this point in Section 6.
We ignore the graviton contributions. In any 6D UED model, 6D Planck scale M * is related to 4D Planck scale M pl through a KK mass scale M KK as follows:
M pl is approximately 10 18 GeV and we are interested in the case M KK ∼ O(1) TeV. Then the magnitude of M * is estimated easily as ∼ 10 10 GeV and gravitons are still weekly coupled to other fields.
This gluon fusion process gets contribution only from the fermion triangle loops at 1-loop level. The SM contribution is calculated in Eq. [63, 64] . In UED model, the intermediate fermions are not only SM ones (zero modes) but also their KK excitations. Studies of the production process for the case of 5D minimal UED [65] and 6D S 2 /Z 2 UED [66] are made.
We consider only contributions from the top quark and its KK states. The reason why we ignore other types of quarks and its KK modes is that the coupling of fermions to the Higgs is proportional to each zero mode quark mass, and thereby those effects are negligible in our analysis. In terms of the fermion mass eigenstates, the interactions of KK quarks are
The production cross section of 2g → h (0) process is given as follows:
where G F is the Fermi constant and α s is the QCD coupling. F gluonfusion is the loop function, which consists of the SM top quark effect F SM t , the KK top quark effect F KK t and the threshold correction F TC gluonfusion . Then we can write
is given in Ref. [64] in our notation as
where λ(m 2 ) and the loop function J(λ) are defined as
respectively. 8 The KK top quark coupling to the gluon and the zero mode Higgs is shown in Eq. (3.4). After some calculation, we can get the form of F KK t in 6D UED model, where the concrete form is
(3.9)
8 Our loop function J is related to the three-point scalar Passarino-Veltman function C0 in Refs. [67, 68] as
It is noted that F SM t and F KK t contain the (−1) factor due to fermionic loop. Our result is directly related to the minimal 5D case in Ref. [65] . The reason is that the only difference between 5D and 6D case is the KK top quark mass spectrum and the structure of the Feynman diagrams itself describing this process is completely the same. The m 2 in λ(= m 2 /m 2 h ) indicates the intermediate mass scale propagating in the loops and we consider the situation that KK scale m (m,n) is much greater than the Higgs scale m h . It is noted that we only focus on the light Higgs possibility; 120 GeV m h 150 GeV and thereby we have to only consider the λ ≥ 1/4 case. Finally the contribution from threshold correction is obtained as
where C ′ hgg is a dimensionful coefficient describing the threshold correction and is related to the dimensionless constant in a part of the Lagrangian C hgg with the UED cutoff scale Λ UED as
We see the details in Appendix B. From naive power counting, this result is logarithmically divergent. The reason is the following. Higgs decay through gluon fusion is described with dimension-six operator in four-dimensional picture after KK reduction. In UED model, there is no shift symmetry alleviating divergence, then this process obeys the above simple estimation. 9 Therefore, we introduce a cutoff scale Λ UED to regularize the F KK t in Eq. (3.9). We estimate an upper bound of Λ UED by use of Naive Dimensional Analysis (NDA) technique [4] in Section 5. boson, respectively. We also need to consider a flipped (µ ↔ ν) one for each diagram if it exists. It is noted that there are another triangle loop diagrams contributing to this process, whose intermediate particles are the top quark and its KK states. But we can take these effects into account by use of the previous result in Eq. (3.9) with some modifications. The decay width can be written as
where α EM is the electromagnetic coupling strength. In this process, the function describing loop effects F decay is written by
9 In 5D UED, we can calculate this process without cutoff dependence.
where the first term represents the effect of W boson and its associated particles, and the second term represents that of the top quark and its KK states. 10 The third term describes the threshold correction. The SM result for F SM t is previously obtained in Eq. (3.6) and the concrete form of F SM W is derived in [69] as
where J is given in Eq. (3.8). We set 
where each term F KK W indicates the loop effects coming from gauge, would-be NG boson, scalar particles, respectively and corresponding Feynman diagrams are found in Fig. 1 , 2, 3, and 4, respectively. The four sets of diagrams are U (1) EM gauge invariant and we can check this fact by use of Ward identity. After some tedious but straightforward calculation, we can get the result as follows: 11 
where we use the relation m 2 W,(m,n) = m 2 W + m 2 (m,n) . This loop-induced process is also described by dimension-six operator in 4D point of view and we have to introduce the cutoff scale Λ UED to regularize the summations. The concrete form of the third term in Eq. (3.13), which originates form threshold correction, is as follows:
21)
11 In Appendix A, we write down some Feynman rules to calculate this process.
where C ′ hγγ is a dimensionful coefficient describing the threshold correction and is related to the dimensionless constant in a part of the Lagrangian C hγγ with the UED cutoff scale Λ UED as
We also see the details in Appendix B.
Universal Extra Dimension Models based on S 2
Recently, Universal Extra Dimension Models based on S 2 are proposed in Refs. [46, 47] .
After an overview of gauge theory on S 2 , we give a brief review of these models.
Gauge Theory on S 2
We consider a gauge theory on six-dimensional spacetime M 4 ×S 2 , which is a direct product of the four-dimensional Minkowski spacetime M 4 and two-sphere S 2 . We use the coordinate of six-dimensional spacetime defined by x M = (x µ , θ, φ). θ (φ) is zenith (azimuthal) angle of S 2 , respectively and we use the same coordinate conventions as in Section 2. The metric ansatz of
and we also need to introduce the vielbein e N M = diag(1, 1, 1, 1, R, R sin θ) to describe tangent space which fermions live in. In this tangent space, the coordinate is expressed with barred letters and we choose the same representation of Clifford algebra as in Eq. (2.1). S 2 has a positive curvature and then a radius of S 2 described by R only can take an infinite value by the consistency with the 6D Einstein equation. To stabilize the system, we introduce a U (1) X gauge field which has a monopole-like configuration in classical level X c M [70] . This configuration is defined as follows:
where g
is a U (1) X gauge coupling and n is a monopole index. The superscript
indicates that the field is given in north (involving the θ = 0 point) and south (involving the θ = π point) patches, respectively and we use this notation throughout the rest of this paper. The gauge transformation from the north to the south patch is given by
where the function α(x µ , θ, φ) = nφ. Because of the monopole-like configuration, the radius of S 2 is stabilized spontaneously as
Every 6D field Φ on S 2 is KK expanded by use of the spin-weighted spherical harmonics
where s is the spin weight of the field Φ. The spin-weighted spherical harmonics s Y jm (θ, φ) matches the orthonormal condition as
A spin weight of a fermion is closely related to its U (1) X charge. When we assign U (1) X charges of 6D Weyl fermions Ψ ± as q Ψ ± , the corresponding spin weights of 4D Weyl fermions
} are given as follows in our convention:
We can find the fact that if a 6D Weyl fermion takes the s = 0 spin weight, one zero mode (j = 0) appears as a 4D Weyl fermion with no KK mass. This means we can get the SM fermions without orbifolding in the case of S 2 . When we take the values as
, we can create the same situation as in T 2 /Z 4 which we discussed before. A spin weight of a 4D vector component of a 6D gauge boson is s = 0 and then there is a zero mode which we can assign as a SM gauge boson. However, extra dimensional components of 6D gauge boson are expanded by the |s| = 1 spin-weighted spherical harmonics. This is because these parts are closely related to S 2 structure. Concretely speaking, the combinations of components
(A θ ± iA φ ) are KK expanded with s = ±1 spin weighted spherical harmonics, respectively, where A M is a gauge field on tangent space defined as A M = e N M A N . Then there is no zero mode in these parts. After the introduction of gauge fixing term concerning a gauge field A M , whose concrete form is
(ξ : gauge fixing parameter), (4.8) the mass eigenstates are obtained as follows:
In our configuration, any (j, m)-th KK mode has the KK mass,
An important point is that the form of the above KK mass is independent of the index of m. This means there are 2j + 1 degenerated modes for each j. It is noted that each KK mode summation over j begins from one. In contrast to the T 2 case, the value of the first KK mass is represented as M KK = √ 2/R. We can construct an Universal Extra Dimension model on S 2 along the direction which we have discussed. But there are two problems in this model. One is absence of KK parity. In usual UED models based on orbifold, there are fixed points of orbifold discrete symmetry and KK parity is realized as a remnant of extra spatial symmetry, which is an invariance of system in exchange of fixed points. It ensures the existence of dark matter candidate in these models. But the geometry of S 2 do not have fixed point and thereby the UED on S 2 cannot possess KK parity. The other is more serious. As we discussed before, a 4D vector component of a 6D gauge boson has zero mode in S 2 . In case of the U (1) X gauge boson, which has the monopole-like configuration, this is true. We should notice that the gauge coupling of an extra massless gauge boson is severely constrained to be g (X) 10 −23 by a torsion balance experiment [72] . g (X) is the 4D effective coupling of the 6D U (1) X gauge coupling g (X) 6 and is described as
By use of (4.4), we can estimate the value of g (X) in the UED model on S 2 as
In the viewpoint of our phenomenological motivation, M KK must be ∼ O(1) TeV. In such a situation, g (X) becomes ∼ 10 −15 · n and its value is far from the experimental bound. Since monopole charge n only can take integer value, we cannot resolve this pathology by tuning of the parameter n. Fortunately, we can solve these problems by some modifications in the S 2 geometry. In the rest of this section, we follow some essential points of these ideas.
UED on S
Following Ref. [46] , we take a Z 2 orbifold on the geometry of S 2 . On this orbifold, the point (θ, φ) is identified with (π − θ, −φ). The 6D action is as follows:
where √ −g = R 2 sin θ. In this model, the form of 6D action and matter content are almost the same with these of the T 2 /Z 4 except the existence of the U (1) X gauge field and
has the classical part arising from the monopole-like configuration as
sin θ, (other components) = 0. (4.13)
The covariant derivative of the Higgs is given in an ordinary form as 14) and the covariant derivatives of fermions are obtained as follows:
q Ψ is a U (1) X charge of a fermion and X c M is the monopole-like classical configuration in Eq. (4.2). The other additional term Ω M is the spin connection in S 2 , whose concrete form is
where 1 4 is a four-by-four unit matrix. We can easily construct mode functions of
(θ, φ) with spin weight s in both north and south patches following the general prescription in Ref. [60] as follows: 17) where t = ±1 is the Z 2 parity. These mode functions have the property that f
To realize the Z 2 symmetry, we identify a field at (θ, φ) in the north patch with the same field at (π − θ, −φ) in the south patch. The conditions are as follows:
20)
where we take the choice that all gauge twist matrices are trivial (P = 1). And we define the transformation of 6D Weyl fermion Ψ ± from the north to the south patch as 
Here we introduce suitable normalization factor ( √ 2) in each KK modes and some phase factors ((i) j+m , (i) j+m+1 ) in Eqs. 14 We can find the details in Ref. [47] .
-18 -the transformation of (θ, φ) → (θ, φ + π), mode functions behave as
Thereby after the fields redefinition as
we can find that each KK field has KK parity (−1) m , whose origin is considered to be a remnant of KK angular momentum conservation. We focus on the m = 0 modes of each j level. When we see the concrete forms of mode functions in m = 0, which are 32) we find that m = 0 modes appear only in the case of even j. Then the degeneracy of KK masses is j + 1 for j = even, j for j = odd, (4.33) since m runs from 0 to j. These results play an essential role at the Higgs production and decay processes via loop diagrams. After the Z 2 identification, the massless zero mode of U (1) X gauge boson survives. In this model, it is assumed that the U (1) X symmetry is anomalous and it is broken at the quantum level [73] . Therefore gauge bosons should be heavy and decoupled from the low energy physics.
UED on Projective Sphere
We can also construct a UED model based on a non-orbifolding idea in Ref. [47] . 15 The projective sphere (P S) is a sphere S 2 with its antipodal points identified by (θ, φ) ∼ (π − θ, φ + π). In the UED model based on P S, the 6D action takes a different form from that of ordinary 6D UED model. It is written as follows:
Here the "1/2" factors are introduced for a later convenience. Like the S 2 /Z 2 case, F (X) M N has the classical part. A new feature of this model is that we introduce "mirror" 6D Weyl fermions {Q 3+ , U 3− }, which have opposite 6D chirality and opposite SM and U (1) X charges when compared with the fields {Q 3− , U 3+ }, respectively. And the covariant derivatives in this model are given as
36)
(4.37)
The covariant derivative of the Higgs is the same with that in the S 2 /Z 2 case, but there is a difference between fermions and these "mirror" fermions. We discuss these points shortly below. P S is a non-orientable manifold and has no fixed point. Therefore, we cannot perform identification like the S 2 /Z 2 case. We focus on the 6D P and CP transformations, which are defined as Like before, we consider Ψ is a 6D fermion and the concrete shapes of 6D C and P transformations are
It must be noted that the monopole-like configuration of the U (1) X gauge boson in Eq. (4.2) behaves under the antipodal identification as
We use a property of U (1) gauge field (X T M = X M ). We can notice that the monopole-like configuration is invariant under the 6D CP transformation and transition between patches. Then we consider the identification of the U (1) X gauge field as 16
(4.42)
These conditions ensure the monopole-like configuration after the antipodal identification and projected out the non-desirable U (1) X zero mode. It is clearly understood by the additional minus factor coming from the 6D CP transformation of gauge field in Eq. (4.40).
In contrast, since we want the zero modes which describe the SM gauge bosons in UED model construction, identification of A
(i)
M should be done by another condition. We adopt the 6D P transformation and those identifications are written as
where it is evident that A (i) µ 's zero mode survives. We also identify the Higgs with the 6D P transformation to obtain its zero mode as
Finally, we discuss the identification of 6D Weyl fermions. Since 6D Weyl fermions have U (1) X charge and interact with the U (1) X gauge boson, they should be identified by the 6D CP transformation. But if we do not consider the "mirror" fermions, a fundamental problem arises. The 6D P transformation of fermion changes the 6D chirality like the ordinary 4D transformation. However, the 6D C transformation of fermion does not change the 6D chirality unlike the ordinary 4D case. This means 6D chirality flips under the 6D CP transformation and we should introduce the "mirror" fermions with opposite 6D chirality and opposite SM and U (1) X charges to perform identification. The specific forms are as follows: 16 We pay attention the fact that identification conditions of classical field (X c φ ) and quantum field (X φ ) must be the same. 
and we obtain a usual type of UED model action.
Next we discuss the mass spectrum of the UED model on P S. Roughly speaking, about a half of modes are projected out. First, we focus on the U (1) X gauge boson. By use of properties of spin weighted spherical harmonics, we can conclude that its identification conditions in terms of 4D KK fields are as follows:
)(x), (4.50) where the superscript c means 4D charge conjugation and has the property that (X
1,2 are a 4D physical scalar field and an unphysical would-be NambuGoldstone mode of U (1) X gauge field, respectively in Eq. (4.9). In Eq. (4.47), it is clear that its unwanted zero mode is projected out correctly. In P S case, the range of the summation over m does not shrink under the identification and is still [−j, j]. This means that degeneracy of KK masses is 2j + 1 in this model. But from Eqs. are projected out. The structure of these mass spectrums is one of the most characteristic feature in the UED model on P S and influences the rates of the Higgs production and decay processes via loop diagrams.
Next, we go on to the gauge bosons A (i) M and the Higgs H. These field are identified by the 6D P transformation and its identification conditions in terms of 4D KK fields are as follows:
)(x), (4.53)
)(x). (4.54) and H (j,m) are projected out. As a previous argument, the zero modes of A (i)(j,m) µ do not vanish. Finally, 6D Weyl fermion must be discussed. It is important that the "mirror" fermions are completely projected out from the action in Eq. (4.46) after the antipodal identification. This is interpreted that all modes of the "mirror" fermions {Q 3+ , U 3− } are erased and no mode of {Q 3− , U 3+ } is projected out.
We comment on the dark matter candidate briefly. In this model, there is no KKparity because of lack of fixed points. But alternatively, the conservation of KK angular momentum exists and it implies that the lightest KK particle is stable.
Naive Dimensional Analysis
In 6D UED models, since the gluon fusion Higgs production and Higgs decay to two photons processes are logarithmically divergent, we must consider upper limit of the summations of KK number in such models. We review Naive Dimensional Analysis (NDA) in these 6D models briefly. Following the concept of NDA, a loop expansion parameter ǫ in Ddimensional SU(N) gauge theory at a scale µ is obtained as
where N g is a group index, g Di is a gauge coupling in D-dimensions and Λ UED is a cutoff scale. The index i is introduced to express the type of gauge interaction and the remaining part is originated from D-dimensional momentum loop integral. We should mention that g Di (µ), which is the effective running coupling, has energy dependency and obeys powerof-two law scaling. When we consider a 6D theory (D = 6) with two compact spacial directions, an effective 4D gauge coupling g i emerges after KK decomposition and it is described with the volume of two extra dimensions V 2 as g i = g 6i / √ V 2 . The cutoff scale µ is the scale where the perturbation breaks down ǫ(Λ UED ) ∼ 1. It is obvious that the upper bound of Λ UED depends on the value of V 2 , whose value is (2πR) 2 in T 2 and 4πR 2 in S 2 , where R is the radius of T 2 or S 2 .
Next we would like to focus on the behavior of running of the 4D effective gauge coupling strength α i (Λ UED ) along the energy. We consider the following renormalization group equation:
where C represents π/2 (1) in the case of T 2 (S 2 ) geometry. We note that the coefficient of the quadratic term for T 2 coincides with that in Refs. [74, 75] obtained from a different regularization scheme. The value of C differs due to the structure of the background geometry. 17 In Eq. (5.2), we take a scheme of approximation; masses of particles are almost degenerated in each KK level regardless of type of the fields, the effect of KK particles appears after the reference energy µ exceeds the value of M KK . 18 The coefficients are summarized in Table. 1. 19 Considering only the quadratic term, Eq. (5.2) reads
In the above analysis, we take values of N g as 3, 2 and 1 in each case of SU (3) C , SU (2) W and U (1) Y , respectively, and adopt some latest data announced by Particle Data Group (PDG) as
(5.5)
We do not consider "TeV-scale gauge coupling unification" in this paper.
In the both T 2 and S 2 cases, the most stringent bounds come from the U (1) Y cutoff scales, which restrict the effective range of the perturbation the most severely. Therefore we can conclude that the "cutoff" scales are as follows:
We truncate the KK mode summations up to these upper bounds in each case to regularize the process. Before going on to the concrete calculation, we have to declare our choice of the UED cutoff scales. We choose three patterns in T 2 and S 2 cases separately and the concrete forms are summarized in Table 2 . We also list up the value of the QCD and 17 Readers who are interested in the details see Appendix in Ref. [76] . 18 When we consider PS model with non-orientable manifold, there are differences in KK spectrum of gauge and Higgs fields compared to that of the other "ordinary" UED models as we discussed before. We ignore the effect coming from this in our analysis. 19 Note that we do not employ the GUT normalization for the U (1)Y coupling and the beta function. 
The deviation of the rates of Higgs production and its decay from the standard model predictions
Formulation of calculation
From the discussions which we have done, we evaluate the ratio (fractional deviation) of the Higgs production cross section through gluon fusion and the Higgs decay width into two photons to the SM ones in the three types of 6D UED models, which are denoted by R 2g→h (0) and R h (0) →2γ , respectively. These ratio are represented as
We have obtained F KK W , F KK t , F TC gluonfusion and F TC decay in Section 3 in the case of T 2 /Z 4 by 1-loop calculation and we can apply these results for the S 2 /Z 2 and the P S cases with some modifications. It is important that the U (1) X gauge boson does not contribute to either the production process and the decay process at the 1-loop level. Therefore no new type of diagram appears and only difference appears in the KK mass spectrum and the multiplicity of each KK mode. Once the Z 2 orbifolding or the antipodal identification is understood, the structure of KK mass spectrum itself is the same as the case of S 2 up to degeneracy. We summarize the information which is needed for the estimation in Table 4 . In the S 2 /Z 2 case, the KK state multiplicity is the same irrespective of the type of field. type of field S 2 /Z 2 case P S case fermion j + 1 for j = even j for j = odd 2j + 1 for j = even 2j + 1 for j = odd "mirror" fermion N/A 0 for j = even 0 for j = odd gauge boson & would-be NG boson & scalar(Higgs) j + 1 for j = even j for j = odd 2j + 1 for j = even 0 for j = odd scalar("spinless adjoint") j + 1 for j = even j for j = odd 0 for j = even 2j + 1 for j = odd Table 4 . Multiplicities of fields at j level in S 2 -based UED models.
With the modification m≥1,n≥0
where n S 2 /Z 2 (j) shows the multiplicity of each level of KK modes (j + 1 for j = even or j for j = odd) and m (j,m) is the KK mass on S 2 in Eq. (4.10), we can obtain the results as follows:
where we use J(m 2 ) in Eq. (3.8). In P S case, we should pay attention to the KK state multiplicity of each type of field. There is no contribution from the "mirror" fermions. The concrete forms are as follows:
where n P Seven (j): 2j + 1 for j =even, 0 for j =odd and n P Sodd (j): 0 for j =even, 2j + 1 for j =odd. We have already discussed the cutoff scale in both the T 2 and S 2 cases concretely in Section 5 and we are ready to estimate the ratio in the various 6D UED models.
Results without threshold corrections
The numerical results of the ratios of the production cross section via gluon fusion to the standard model prediction R 2g→h (0) are given as functions of the first KK mass scale (M KK ) in a unit of GeV in Fig. 5 . In this paper, we consider two possibilities of Higgs mass; m h = 120 GeV and m h = 145 GeV and take the KK mass range between 600 GeV and 2000 GeV. We use the values of the W boson mass m W and the top quark mass m t , which are m W = 80.3 GeV, m t = 173 GeV. From top to bottom, the green, blue, red curves represent the results of P S, S 2 /Z 2 , T 2 /Z 4 with m h = 120 GeV, providing no threshold correction, respectively. Each black dashed line near the lines for m h = 120 GeV corresponds to that with m h = 145 GeV. The left, right are these with the high, low cutoff choices, respectively. It is noted that the R 2g→h (0) = 1 shows the SM predictions and there are few differences between m h = 120 GeV case and m h = 145 GeV case in all the models. Contrast to the case of little Higgs [77] [78] [79] or gauge-Higgs unification [80] [81] [82] , the contribution from KK fermions is constructive and the results of UED cases are enhanced compared to the SM prediction. These results are naturally understood because the number of the intermediate particles are much greater than these of the SM. 20 It is expected that 6D UED models predict a significant collider signature in the Higgs production at the LHC, especially in the P S case. The origin of the remarkable enhancement in the P S case is that numerous fermions contribute to the production process in each KK level. Besides, we can find the fact that 20 These results are consistent with the results in Ref. [66] .
when we choose the higher cutoff, the larger number of KK top modes propagate in the triangle loop and therefore the deviation from the SM gets significant. This tendency do not depend on the type of the 6D UED models. The numerical results of the ratios of the rate of Higgs decay into two photons R h (0) →2γ are also given as functions of the first KK mass scale (M KK ) in a unit of GeV in Fig. 6 . From bottom to top, the green, blue, red curves represent the results of P S, S 2 /Z 2 , T 2 /Z 4 with m h = 120 GeV, providing no threshold correction, respevtively. Each black dashed line located above the lines for m h = 120 GeV corresponds to that with m h = 145 GeV. The left, right are these with the high, low cutoff choices, respectively. Differently from the production, the ratios are suppressed because the contributions from quarks and gauge bosons are destructive each other. The reason of the large reduction in the P S case is understood as the results of the enormous effects of KK top quarks, which we discussed before. In any type of 6D UED models, this ratio takes the lower value than 5D mUED one. We can find some differences between m h = 120 GeV and m h = 145 GeV in each case of 6D UED model, which are sizable in particular at the KK mass range between 600 GeV and 1200 GeV.
We now define a value defined as 11) which shows the "total ratio" of the deviation of the h (0) → 2γ signals coming from the 2g → h (0) Higgs production. At the LHC, the Higgs production process through gluon fusion is dominant and the value of ∆ is considered to be an appropriate approximation of the h (0) → 2γ signal deviation coming from all the Higgs production processes. Of course the numerical results of ∆ are given as functions of the first KK mass scale (M KK ) in a unit of GeV and are shown in Fig. 7 . It should be noted that in 6D UED models, the collider signal deviations from the SM in the h (0) → 2γ process take the greater values than in the 5D mUED case. When we take the reference value as M KK = 800 GeV in the m h = 120 GeV and each high cutoff case, approximately 40%(T 2 /Z 4 ), 60%(S 2 /Z 2 ), 110%(P S) enhancements from the SM expectation value can be seen. It should be mentioned that the shapes of ∆ in each model do not have large dependence on the value of the UED cutoff Λ UED . This reason can be considered that the behavior of the ratios of the gluon fusion Higgs production and the Higgs decay to two photons is opposite when we change the value of the cutoff and a large part of the distinctions due to the value of the cutoff are cancelled out. This property is accidental but do not depend on the type of the background geometry and thereby we consider that this is one of the interesting aspects of 6D UED model. The difference between the above results and the SM expectation value is significant and we hope that this could be tested at the LHC experiments in the near future.
Finally, we comment on the up-to-date collider experimental results at the LHC. The ATLAS group announced their results, which conclude the upper limit of the cross section of the h (0) → 2γ process in the form of the ratio to the SM result (σ/σ SM ) based on the 1.7 fb −1 data within the 95% confidence level in the August of 2011. According to [56] , the value of the upper bound of (σ/σ SM ) is about 3.5 (5.0) at the point of m h = 120 GeV (m h = 145 GeV). The CMS group also announced their results, which says that the value of the upper bound of (σ/σ SM ) is about 3.5 (4.0) at the point of m h = 120 GeV (m h = 145 GeV) [57] . And at the December of 2011, the new results have been published by both the ALTAS and CMS. The ATLAS claims that there is an excess of events close to 126 GeV with a 3.6 σ confidence [58] . On the other hand, the excess also have been observed by the CMS, but the location of the peak is 124 GeV with a 3.1 σ confidence [59] . It is noted that both results are these before taking looking-elsewhere effect. The allowed region of the SM Higgs becomes highly constrained as 115.5 GeV < m h < 127 GeV except the unexplored high mass region m h > 600 GeV. We do not execute detailed analysis in this paper on this topics but we can conclude from our result in Fig. 7 that the T 2 /Z 4 , S 2 /Z 2 , and P S 6D UED with m h = 120 GeV still survive only in the KK mass region above M KK = 600, 750, 1150 GeV, respectively, when we consider the high cutoffs, judging from the constraint on the value of σ/σ SM in the December's ALTAS and CMS results, whose maximum value is roughly 1.6. 21 It is obvious that the possibility of m h = 145 GeV is discarded in all the 6D UED models since the signals are expected to be greater than these in the SM. 
Results with threshold corrections
When we switch on the threshold corrections accompanying the processes of 2g → h (0) and h (0) → 2γ, the shapes of the ratios {R 2g→h (0) , R h (0) →2γ } and the total ratios ∆ are modified forcefully. There are two dimensionless new parameters in Eqs. (3.11,3.22 ) C hgg , C hγγ , which describe the threshold correction in the process of 2g → h (0) or h (0) → 2γ, respectively. In this paper, we only consider some extremal choices of C hgg , C hγγ as
We mention that the plus/minus sign of C hgg , C hγγ determines the direction of interference effects to the UED part. We show the results of our numerical calculations in Figs. 8-16 . We write down our convention about the color/shape of curves in Figs. 14,15,16 (total ratios) in Table 5 . In the range of our approximation, the values of α −1 s (m h ) and α EM (m Z ) = 127 with ignoring the renormalization group effects between m Z and m h (= 120 or 145 GeV). We make several comments in order.
• In the gluon fusion process in each model, due to the (−1) factor which originates from Fermi statistics in F SM t , the interference term between the threshold correction and the UED effect is destructive (constructive) in case of C hgg = +1 (−1), respectively. It is considered that the degree of a threshold correction is inversely proportional to the value of a cutoff. When we look at the PS case with its high cutoff choice in Fig. 10 , we notice that the threshold correction works a little compared to the cases of the T 2 /Z 4 or S 2 /Z 2 . We can find some differences between the cases of P S and S 2 /Z 2 with a same cutoff value, which stem from the differences in the corresponding UED contributions. We mention that the threshold correction is still observable in the many cases with M KK = 2 TeV. By contraries, in all the low cutoff cases in Figs. 8,9 ,10, the threshold correction plays a very important role. Here we mention that the cases with m h = 145 GeV are almost identical with these with m h = 120 GeV.
• In the Higgs decay to two photons in each model, unlike with the previous gluon fusion case, the interference term between the threshold correction and the UED effect is constructive (destructive) in case of C hγγ = +1 (−1), respectively. In this case, the degree of the effect which only comes from the threshold correction is also smaller than the others. It is an interesting point that in some cases with C gγγ = +1, the value of the ratio (R h (0) →2γ ) exceeds one, which we never find in the no-threshold-correction cases in the range of the parameter region of M KK which we consider. Another remarkable point compared to the gluon fusion, the cases with m h = 145 GeV are not identical with these with m h = 120 GeV but this difference is still not so significant since the other effects (cutoff scale, threshold correction and so on) are more effective.
Of course, in all the low cutoff cases in Figs. 11,12,13, the threshold correction works very well. We mention that we can find the 10 ∼ 20 % deviations from the nothreshold-correction cases even with M KK = 2 TeV in all the 6D UED models.
• After combining the above two results, we can estimate the total ratio ∆ in each 6D UED model with the extremal threshold corrections. In this analysis, we only consider the m h = 120 GeV cases. There are nine curves in each graph and our convention about the color/shape of curves is summarized in Table 5 . Here we would like to only focus on a few important topics. Firstly, we can find the tendency that every orange line (C hgg = −1, C hγγ = +1) is located at the top of each graph and any cyan one (C hgg = +1, C hγγ = −1) is located at the bottom of each graph. The reason is that the two threshold corrections function toward maximally enhancing (suppressing) the process in the former (latter) case. Secondly, the deviation from the no-thresholdcorrection case (black dot-dashed curve) is noteworthy, in particular, in the M KK range below 1 TeV. All the results tend to converge with the no-threshold-correction curve proportional to the value of M KK and it is notable even around M KK = 2 TeV in many choices of C hgg and C hγγ because the tens of percents of the deviations still remain. Thirdly, in the low cutoff cases, the interference effects dominate the whole process and the predictions about two photon signals via the gluon fusion Higgs production possibly become extraordinary. Finally we comment on the constraint from the LHC results briefly. We also do not execute detailed analysis in this case but we can conclude that some cases which predict too great value of the total ratio are already excluded. On the other hand, the total ratio can be suppressed in some choices of the parameters describing the threshold corrections, and in this case the possibility with m h = 145 GeV is not totally rejected.
At the end of this section, we give comments for more precise analysis. We need to take into account the correction from QCD (parton distribution function and K-factor) [83] . However the KK contributions would receive almost the same QCD corrections as in the case of the SM and this deviation from the SM result would not be large. Actually, to get the ratios of event rates in 6D UED models to that in the SM, the partial decay width in ∆ should be replaced by corresponding branching ratios. We, however, expect that the effects of heavy KK particles to the leading decay processes at the tree level are small because of decoupling. Thus ∆ is expected to be enough for crude estimation. But there are two other one-loop leading decay processes of h (0) → 2g and h (0) → γZ, which may possibly give considerable contribution to the Branching Ratio. These points are beyond the scope of this paper and are left for future work [84] .
Summary
In this paper, we have discussed the main Higgs production process through gluon fusion and the important one-loop leading decay channel to two photons at the LHC in various 6D UED models. The Higgs production cross sections in 6D UED models are much enhanced than the prediction of the SM or the 5D mUED. In contrast, the decay width in 6D UED models are decreased because of the destructive contribution between quarks and gauge bosons. In both cases, the results of P S model are significant. This is because numerous fermions contribute to the process in each level of KK modes. We also have discussed the threshold corrections in the processes and their effects become significant even when we take the higher cutoff and/or a heavy KK scale. Some parameter region are already excluded by the current LHC experimental results obviously. By use of the data announced by the ALTAS and CMS experiments in the December of 2011, we can estimate the lower bounds of the KK scale as M KK = 600 (T 2 /Z 4 ), 750 (S 2 /Z 2 ), 1150 (P S) GeV when we consider the high cutoffs with no threshold correction. These results are modified by the threshold corrections substantially. The SM with the 145 GeV Higgs boson is rejected but 6D UED with the Higgs mass parameter is still survived in some ranges of the parameters describing the threshold corrections.
Our results are affected by ultraviolet physics because the calculation has logarithmic cutoff scale dependence. There seem to be some ambiguities coming from this fact. We expect that our prediction would be verified by forthcoming LHC experimental results. Detailed analysis of the final states in the single Higgs production at the LHC is important for discriminating UED from the other models.
The collider physics and particle cosmology of S 2 -based 6D UED models are unexplored and we would like to pursue these topics in future work [76, 84] . These plots represent the values of the ratios R 2g→h (0) in 6D UED on S 2 /Z 2 with/without threshold correction. The red, blue, green curves show these with C hgg = 0, +1, −1, respectively. Each black dashed line near the lines for m h = 120 GeV corresponds to that with m h = 145 GeV. In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the value of the QCD coupling strength as that at the Z boson mass scale. In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the value of the QCD coupling strength as that at the Z boson mass scale. These plots represent the values of the ratios R h (0) →2γ in 6D UED on T 2 /Z 4 with/without threshold correction. The red, blue, green curves show these with C hγγ = 0, +1, −1, respectively. Each black dashed line near the lines for m h = 120 GeV corresponds to that with m h = 145 GeV. In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the value of the electromagnetic coupling strength as that at the Z boson mass scale. These plots represent the values of the ratios R h (0) →2γ in 6D UED on S 2 /Z 2 with/without threshold correction. The red, blue, green curves show these with C hγγ = 0, +1, −1, respectively. Each black dashed line near the lines for m h = 120 GeV corresponds to that with m h = 145 GeV. In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the value of the electromagnetic coupling strength as that at the Z boson mass scale. Figure 13 . These plots represent the values of the ratios R h (0) →2γ in 6D UED on P S with/without threshold correction. The red, blue, green curves show these with C hγγ = 0, +1, −1, respectively. Each black dashed line near the lines for m h = 120 GeV corresponds to that with m h = 145 GeV.
In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the value of the electromagnetic coupling strength as that at the Z boson mass scale.
value of C hgg value of C hγγ color/shape of curve C hgg = 0 C hγγ = 0 black, dot-dashed C hgg = +1 C hγγ = 0 red C hgg = 0 C hγγ = +1 blue C hgg = −1 C hγγ = 0 green C hgg = 0 C hγγ = −1 magenta C hgg = +1 C hγγ = +1 yellow, dotted C hgg = −1 C hγγ = +1 orange, dotted C hgg = +1
C hγγ = −1 cyan, dotted C hgg = −1 C hγγ = −1 brown, dotted These plots represent the values of the total ratios ∆ in 6D UED on T 2 /Z 4 with/without threshold corrections with m h = 120 GeV. The color/shape convention is summarized in Table 5 . In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the values of the QCD and electromagnetic coupling strengths as that at the Z boson mass scale. These plots represent the values of the total ratios ∆ in 6D UED on S 2 /Z 2 with/without threshold corrections with m h = 120 GeV. The color/shape convention is summarized in Table 5 . In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the values of the QCD and electromagnetic coupling strengths as that at the Z boson mass scale. Figure 16 . These plots represent the values of the total ratios ∆ in 6D UED on P S with/without threshold corrections with m h = 120 GeV. The color/shape convention is summarized in Table 5 .
In the left and right plots, which correspond to the high and low cutoff cases, respectively, we take the values of the QCD and electromagnetic coupling strengths as that at the Z boson mass scale.
A Feynman Rules containing scalar particle
In this appendix, we list the Feynman rules containing scalar particle in the 't HooftFeynman gauge. We omit the rules containing no scalar particle, which are the same with the corresponding rules of the SM for the zero modes alone. In the vertices all momenta (k 1 , k 2 ) and directions of propagation are considered as incoming. g (2) and e are SU (2) L the 4D gauge coupling and the 4D elementary electric charge, respectively.
where C hgg and C hγγ are dimensionless coefficients characterizing the processes, Λ UED is 6D UED cutoff, V 2 is the volume of the two extra dimensions, H is the 6D Higgs doublet, and
M N ) is the 6D field strength of gluon (photon), respectively. It is an important thing that the Higgs doublet should be introduced in these effective operators in a bilinear form of H † H because the electroweak symmetry breaking (EWSB) is realized by the usual Higgs mechanism in 6D UED models. After EWSB and KK reduction, the Higgs doublet can acquire the VEV as H = (0, v) T / √ 2V 2 , where v ≃ 246 GeV, and we would like to focus on the parts, which are
3) 
where a, b are gluon indices.
